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MOTIVATION
It is a striking feature of the proposed design for the 1-TeV Next Linear Collider NLC 1 that a third of its length 10 km is occupied not by the linac, but by the beam delivery system, which consists of collimation section and nal focus. For colliders at higher energies the beam delivery system could easily dwarf the linac. A second remarkable feature of the NLC design is that a large portion of the beam power is not converted into luminosity.
FINAL FOCUS Conventional System
A conventional nal-focus system consists of a nal telescope, i.e., a few strong focusing quadrupoles producing the small spot at the interaction point IP, and an upstream chromatic correction section, with sextupole magnets placed at locations of large dispersion generated by bending magnets. such a nal focus, illustrating its main building blocks and indicating some of the physical processes which dilute the spot size at the interaction point IP and give rise to the unfavorable length scaling. A characteristic property of the nal focus is the chromaticity of the last quadrupoles, de ned by = R K sin 2 d s , where K is the quadrupole strength and the betatron phase advance to the IP. The chromaticity describes the variation of the focal length with energy. In a conventional nal focus, the large chromaticity of the nal quadrupoles is compensated by sextupoles in the chromatic correction section. These sextupoles introduce a chromaticity of opposite sign such that particles of di erent initial energy are focused at the same point. The sextupoles are usually grouped in pairs, separated by an optical ,I transform, an arrangement which cancels geometric aberrations. However, this correction scheme is not e ective for energy errors generated in the nal focus itself: If an additional energy spread is introduced after the rst sextupole, the chromaticity of the last quadrupoles is not fully compensated, the focal points for di erent energies will vary, and the interaction-point spot size will increase.
In the nal focus, energy spread is primarily generated by synchrotron radiation in the bending magnets. The higher the beam energy, the weaker and longer the bending magnets of the chromatic correction section must be in order to con ne this energy spread. The length l of the nal focus is then roughly proportional to the length of the bending magnets, which already in the NLC occupy more than half of the available space. The induced energy spread scales with beam energy energy in units of the rest mass, total bend angle B and length l as 2 rms 5=2 3=2 B l 1 2
As discussed above, energy spread induced in and behind the chromatic correction section increases the IP spot size . The relative blow-up is given by = = rms , which is added in quadrature to the unperturbed spot size. In a proper design, it is small:
Next, since the cross section for most reactions decreases inversely with the square of the energy, w e assume that, to obtain reasonable reaction rates, the collider luminosity increases as 2 . If the free length between the interaction point and the last quadrupole as well as the current and the normalized beam emittances are held constant, the chromaticity then increases in proportion to the energy:
In addition, the chromatic correction of the nal focus for incoming energy errors can be expressed by
where S and S denote the dispersion and the beta function at the sextupoles, the term k S l S is the integrated sextupole strength, and the factor of 2 accounts for the two sextupoles of a pair. The is the quadrupole chromaticity de ned above. The dispersion S in Eq. 4 is proportional to bending angle and system length: S B l: where x denotes the tolerance on the orbit motion. If we assume that the value of x cannot be pushed much below the tolerances assumed in the NLC design 1 , combining Eqs. 1 6 nally yields the scaling law 3 :
Thus, the length of a conventional nal focus increases roughly as the 2nd power of the energy. Counting both sides of the IP, the length of the 1.5-TeV NLC nal focus is 4 km. The nal-focus length for a 5 T eV collider would approach 40 km. 3
Compact Final Focus
The nal focus can be made much more compact, if one omits chromatic correction in favor of energy-spread compensation in the linac. This eliminates the long bending magnets and strong sextupoles, as well as the associated tight alignment and stability tolerances on the sextupole orbit. The nal focus then consists of quadrupoles only, and can be quite short one or two h undred meters. Without chromatic correction the incoming beam energy spread must be small: In addition to its extreme length, a second drawback of the conventional collider layout is that a large portion of the beam power is not converted into luminosity. Due to transverse and longitudinal wake elds in the linac, the beam charge is split into n b bunches, which are collided separately at a loss in luminosity b y a factor of n b . One can recover some of this luminosity b y combining individual bunches into superbunches prior to the collision.
If, for example, the beam consists of bunches propagating in parallel channels, each of small energy spread, but slewed across an energy full width of about 10| a natural con guration for an active matrix linac 5 |, this combination is easily accomplished. Making use of the energy variation the individual bunches can be combined in a half-chicane, as depicted in The multi-bunch combination in a half-chicane takes advantage of the di erent bunch energies, but this energy di erence also implies that the optics for each bunch must be matched individually to obtain the same IP beta function. This can be achieved by means of a multi-passband nal-focus optics and ne-matching using quadrupole magnets in the still separated beam lines.
COLLIMATION
In general, the beam entering the beam delivery system is not of the ideal shape, but it can have a signi cant halo extending to large amplitudes, both transversely and longitudinally. There are many sources of beam halo: 1 beam-gas Coulomb scattering, 2 beam-gas bremsstrahlung, 3 Compton scattering on thermal photons, 4 linac wake elds, 5 the source or the damping ring, respectively. The halo generation due to 1 will be reduced by a higher accelerating gradient, while the halo formation due to 2 and 3 scales with the length of the accelerator. The contributions of 4 and 5 to the halo size depend on many parameters; in a rst, very rough approximation, if measured as a fraction of the bunch population, they could be considered as constant, independent of energy. If halo particles hit the beam pipe or a magnet aperture close to the interaction point, they can cause unacceptable background. At the Stanford Linear Collider SLC, collimation upstream of the nal focus was found to be essential for smooth operation and for obtaining clean physics events in the detector. The same is expected to be true for future linear colliders.
Conventional System
A conventional collimation system consists of a series of spoilers and absorbers, which serve t w o di erent functions: they remove particles from the beam halo to reduce the background in the detector, and they also protect downstream beamline elements against missteered or o -energy beam pulses. The spoilers increase the angular divergence of an incident beam so that the absorbers can withstand the impact of an entire bunch train 6 . A schematic is shown in Fig. 3 .
An important requirement determining the system length is that the collimators have to survive the impact of a bunch train. This requires a minimum spot size, in 6 order that the collimator surface does not fracture or that the collimator does not melt somewhere inside its volume. For the NLC parameters, fracture and melting conditions give rise to about the same spot-size limit roughly 10 5 =m 2 for a copper absorber at 500 GeV 1 . While the surface fracture does not depend on the beam energy, the melting limit does, since the energy of an electromagnetic shower deposited per unit length increases in proportion to the beam energy. Therefore, the beam area at the absorbers must increase linearly with energy. Since, in addition, the emittances decrease inversely proportional to the energy, the beta functions must increase not linearly but quadratically. Assuming that the system length l scales in proportion to the maximum beta function at the absorbers, this results in a quadratic dependence, l 2 , i.e., the same scaling as for the nal focus. Counting both sides of the IP, the NLC collimation system is 5 km long. At 5 T eV the length of a conventional collimation system could be 50 km.
Laser Collimation
The length of the collimation section can be substantially shortened, if, instead of a solid material, a laser beam is employed as a spoiler. Laser collimation would consist in Compton scattering of particles in the transverse beam tails on a highpower laser beam. At shorter wavelengths also pair production is possible, which would enhance the collimation e ciency. The Compton scattered particles lose a substantial amount of energy, and can be intercepted easily in a dispersive region downstream. Since the energy distribution of the scattered electrons extends over a wide range, the local density of the Compton-scattered part of the beam, which impinges on the energy interceptor, can be very low, without requiring large beta functions in this region. In addition, the laser beam cannot be`destroyed', and, hence, the beta functions can be much smaller than for a conventional collimator. Indeed, it is advantageous to have a small beta function at the laser spoiler, since this reduces the area to be covered by the laser, and, thereby, also the laser energy needed for e cient collimation. The small beta functions at the spoiler and the large energy spread of the scattered particles suggest that a laser based collimation system could be very short. The total Compton cross section 7 for an unpolarized photon beam with a fewmicron wavelength, scattering o a multi-TeV electron beam, is of the order of the Thomson cross section 0 = 2 : 5 10 ,25 cm 2 . It is illustrated in Fig. 4 a as a function of x. For head-on collisions of laser and particle beam x is given by x = 4 E 0 h! 0 =m 2 e c 4 , with E 0 the beam energy and h! 0 the photon energy.
The energy spectrum of the scattered electrons extends from almost unperturbed 100 to a minimum value of about 20, as shown in Fig. 4 b. To obtain a sharp collimation boundary and to collimate both sides of the beam at once, it is best to use not the fundamental but a higher-order laser mode. smaller of these amplitudes may be considered as the e ective collimation depth, the larger one as the maximum amplitude which is still collimated. We denote these two amplitudes, in units of the rms beam size, by n and n max , respectively. The position dependence of k c is illustrated in Fig. 5 .
Even if the particle beam is of purely Gaussian shape and is well-centered in the node of the laser eld, there is an unavoidable fraction of particles that is lost due to Compton scattering. For a collimation depth n this fraction is 
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For the 5-TeV parameters discussed below, this limit is a factor 6 shorter than the minimum combiner length of Eq. 11. So it is automatically fu lled. If on the other hand the laser is located behind the combiner and o -energy scattered particles are to be absorbed in a dedicated full chicane downstream, the total length of that chicane would be 4:4 l 0 with l 0 as given in Eq. 15.
5-TEV COLLIDER
As an illustration, we n o w consider the beam delivery system for a 2.5-TeV parallel-beam accelerator operating at W-band 91 GHz 5 . The linac consists of a primary energy storage line running parallel to the beam axes, secondary lines running roughly orthogonal to the beam axes, and a switch coupling between the lines every 1 3 of a wavelength, all as depicted in Fig. 6 . The temporally coincident beams propagate in parallel channels, spatially separated by x = 1 : 4 mm. We assume that the two colliding beams consist of 50 bunches with a charge of 60 pC each, and with transverse emittances of x;y 100 nm, as could be produced by a n a d v anced rf gun. The rms bunch length is chosen as about 10 m. These and other beam parameters are compiled in Table 1. A relative energy spread across each bunch smaller than 10 ,5 is achieved either by harmonic acceleration, or bunch shaping, or a combination thereof. For example, harmonic acceleration could employ the 10th and 30th harmonic of the fundamental frequency, where the 10th harmonic 0.91 THz might be provided by a 100-m matrix rf section with a gradient of 200 MeV m. The h = 30 2.7 THz section would correspond to a 1-m plasma linac at the linac exit, with a plasma density o f n e 10 17 cm ,3 and a`modest' accelerating gradient of about 3 GV m.
Behind the linac, groups of 10 bunches are combined into superbunches, for higher luminosity. Assuming a 1 energy di erence between adjacent c hannels, the minimum length of the bunch-combining half chicane, Eq. 11, is 2l 0 1300 m.
The laser collimation can be performed at two di erent locations. The rst possibility is to place the laser at the end of the linac and to intercept the Compton scattered electrons after the 1.3-km long bunch combiner, where the dispersion is nonzero. The second possibility is to install the laser behind the combiner, in which case an additional bending section downstream is required, for example a 500-m long full chicane, where a collimator can intercept the scattered o -energy particles. The second option would simplify the laser system, by reducing the number of laser pulses, but it would increase the system length. Sample laser and beam parameters, applicable for either option, are listed in Table 2 . A C O 2 laser ful lling all the requirements is considered within the reach of the CO 2 laser technology 9 .
The nal-focus optics must have a multiple-energy passband, individually matched for each accelerating channel. Fig. 7 shows 3 matched beta functions over the last 80 m prior to the IP, spanning a total energy range of 10, with initial optical functions on the right identical to the FODO lattice at the end of the linac. In Fig. 7 a series of nal-focus quadrupoles were adjusted to obtain the same IP beta function for each energy. F or perfect matching the optics can be ne-tuned using quadrupoles in the linac, where the bunches are still separated. 
Collisions
Photon-photon collisions are a very attractive option for a 5-TeV high-luminosity collider, because of two reasons: 1 there is no luminosity degradation and no background due to beamstrahlung, and 2 unpolarized low-current electron beams with the required emittances in both tranverse planes may be produced by advanced photocathode rf guns.
Photon-photon collisions are realized by converting the 2.5-TeV electrons into high-energetic photons via Compton scattering on a high-power laser beam 11 . The laser parameters are very similar to those assumed for collimation. The optimum laser wavelength with regard to conversion e ciency and photon energy Table 2 .
Charge Compensation
An alternative to photon-photon collisions is the suppression of beamstrahlung via charge compensation 13 . Here electron and positron bunches are combined into neutral bunches, prior to the collision. Since the net charge is greatly diminished ideally there is none, the electromagetic elds and, hence, the beamstrahlung can be reduced by orders of magnitude. However, if the two oppositely charged bunches are initially o set with respect to one another, a charge-separation instability can develop 13,14 . For a single collision point, this e ect was analyzed both analytically and by a computer simulation 15 . For the moderate collision strength considered here, with disruption parameters D x;y = 2 N b r e z = ?
x;y ?
x + ? y 9, this instability is not a problem.
CONCLUSIONS
Extrapolation of present-day nal-focus and collimation systems to higher energies results in excessive site length and beam power. In this report, we h a v e outlined an alternative design concept, which provides for a much shorter system length and for higher luminosity a t l o w er beam power than the conventional approach. This concept was illustrated by means of a sample design for a 5-TeV collider, whose parameters are summarized in 
